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Abstract 

Experiments  are  performed  on  a  number  of 
deflagration-to-detonation  (DDT)  enhancement 
techniques  for  use  in  a  H2/Air  pulsed-detonation  engine 
(PDE).  The  mechanism,  speed,  and  location  of  DDT  for 
three  configurations  are  considered,  including  a 
Shchelkin  spiral,  an  extended  cavity/spiral,  and  a  co¬ 
annulus.  High-speed  digital  imaging  is  used  to  track 
flame  propagation,  and  simultaneous  time-correlated 
pressure  traces  are  used  to  record  progress  of  the  shock 
structure.  It  is  found  that  DDT  is  initiated  primarily 
through  local  explosions  that  are  highly  dependent  on 
the  particular  geometry.  In  addition  to  various 
geometries,  the  effect  of  equivalence  ratio  and  spark 
timing  are  also  investigated. 

Introduction 

The  pulsed-detonation  engine  (PDE)  has  experienced 
renewed  interest  due  to  its  simplicity,  low  cost,  low 
weight,  scalability,  and  potential  for  a  broad  range  of 
operability.1  To  optimize  PDE  performance  and  enable 
high  operating  frequencies,  it  is  important  to  reduce  the 
percentage  of  fuel  that  is  burned  during  low-pressure 
deflagration  and,  thus,  to  minimize  the  time  required 
for  deflagration-to-detonation  transition  (DDT).  Direct 
initiation  offers  an  alternative  approach, 
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but  requires  high  input  energies  that  reduce  the  overall 
system  efficiency. 

Deflagration-to-detonation  transition  has  been  the 
subject  of  scientific  study  for  over  a  hundred  years.2  It 
is  by  nature  extremely  complex  and  highly  three- 
dimensional,  involving  non-repeatable  flame 
interactions  with  shocks,  reflections,  and  boundary 
layers.  For  this  reason,  it  is  not  easily  studied  with 
multi-point  probes,  spatially  averaged  measurement 
techniques,  or  single-frame  imaging.  To  capture 
various  features  of  shock-wave-flame  interaction,  an 
impressive  series  of  DDT  experiments  have  used  high- 
frequency  stroboscopic  schlieren  photography  in 
smooth  tubes  filled  with  H2  and  air.3,4  A  common 
feature  of  the  observed  DDT  events  is  the  occurrence 
of  an  'explosion-in-the-explosion'  that  spreads 
transversely  into  the  shock  compressed  fuel-air  mixture 
and  leads  to  a  self-sustained  detonation. 

Although  much  has  been  done  to  characterize 
detonation  behavior  in  smooth  tubes,  DDT 
enhancement  through  the  addition  of  obstacles  is 
inherently  very  difficult  to  study  because  it  involves 
turbulent  combustion  with  complex  boundary 
conditions.5  Conventional  detonability  criteria  using 
cell-size  properties  can  determine  if  DDT  is  possible, 
but  cannot  determine  if  DDT  is  likely  to  take  place.6 
The  Shchelkin  spiral,  for  example,  while  greatly 
reducing  the  time  required  for  DDT  in  most  cases,  can 
also  destroy  the  cellular  structure5  of  the  detonation  or 
destabilize  the  coupling  between  the  flame  and  the 
shock.7 

While  parametric  studies  on  various  obstacles  can  be 
performed,7  a  satisfactory  description  of  why  certain 
geometries  are  more  effective  than  others  is  not  yet 
available.  For  the  purposes  of  developing  DDT 
enhancement  techniques  for  PDE  applications,  it  is 
important  to  improve  the  understanding  of  how  such 
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geometries  interact  with  the  flame  and  shock  structures 
to  produce  conditions  sufficient  for  DDT.  The  goal  of 
the  current  investigation  is  to  use  short-exposure,  high¬ 
speed  digital  imaging  of  flame  luminosity  and 
simultaneous  pressure  data  to  further  this  understanding 
for  a  number  of  DDT  enhancement  strategies. 
Emphasis  is  placed  on  visualizing  the  instantaneous 
flame  front  as  a  function  of  the  geometry,  operating 
conditions,  and  associated  shock  structure. 

Experimental  Set-Up 

The  test  facility,  shown  in  Fig.  1,  has  been  described 
previously  by  Schauer  et  al.1  A  modified  General 
Motors  Quad-4,  dual-overhead-cam  cylinder  head  is 
used  for  premixed  fuel-air  intake  and  spark  ignition. 
The  PDE  is  capable  of  operating  with  one  to  four  tubes, 
and  it  can  run  at  frequencies  from  single  shot  to  tens  of 
Hz.  Only  one  of  the  four  tubes  shown  in  Fig.  1  is 
studied  in  the  current  investigation,  and  it  is  replaced 
with  polycarbonate  or  quartz  for  optical  access.  Data 
collection  is  typically  performed  in  single-shot  mode 
for  quartz  tubes  and  up  to  five  shots  per  run  with 
polycarbonate  tubes. 

Detonation  enhancement  is  achieved  in  the  current 
investigation  using  three  main  approaches,  as  shown 
schematically  in  Fig.  2.  The  Shchelkin  spiral  consists  of 
3/1 6-inch  mild- steel  rod  shaped  into  a  19-inch  spiral 
and  inserted  into  the  entrance  of  a  2-inch  inner  diameter 
PDE  tube.  The  extended  cavity  configuration  extends 
the  3. 5 -inch  bore  of  the  cylinder  head  by  about  8  inch 
in  length  before  tapering  to  the  2-inch  tube  diameter. 
Based  on  preliminary  measurements,  this  configuration 
has  been  modified  to  include  a  54-inch  Shchelkin  spiral 
in  the  2-inch  section.  For  the  co-annular  geometry,  5- 
and  12-inch  long  tubes  of  5/8-inch  outer  diameter  are 
inserted  at  the  entrance  of  the  2-inch  PDE  tube  for  a 
staged  DDT  approach. 

High-speed  digital  imaging  at  rates  up  to  62,500 
frames-per-second  (fps)  is  employed  using  a  Phantom 
v5.0  CMOS-based  digital  camera.  At  this  framing  rate, 
it  has  a  field-of-view  32  pixels  in  height  and  256  pixels 
in  length  and  enables  viewing  of  8  tube  diameters.  The 
slowest  framing  rate  used  with  the  Phantom  camera  in 
the  current  investigation  is  27,900  fps,  for  which  the 
field  of  view  of  32  x  1024  allows  viewing  of  32  tube 
diameters.  Exposure  times  are  kept  at  a  constant  value 
of  10  ps  for  all  run  conditions  and  framing  rates. 

Since  the  field-of-view  of  the  Phantom  camera  is 
reduced  at  the  higher  framing  rates,  a  second  NMOS- 
based  high-speed  digital  camera  is  also  utilized  in  the 
current  investigation  and  will  be  referred  to  as  the 
Photron  camera.  It  is  capable  of  framing  rates  up  to 
40,500  fps  with  64  x  64  pixels  and  18,000  fps  with  64 
x  256  pixels.  Typically,  18,000  fps  is  used  in  the 


current  experiment  and  image  magnification  is  adjusted 
so  as  to  achieve  about  32  pixels  across  the  PDE  tube 
and  256  pixels  in  length. 

Through  the  use  of  these  high-speed  digital  cameras, 
a  time-history  of  the  DDT  process  can  be  recorded 
during  a  single  engine  cycle.  In  addition,  time- 
dependent  pressure  traces  are  collected  simultaneously 
at  several  locations  along  the  length  of  the  PDE  tube. 
The  pressure  traces  provide  a  limited  but  unambiguous 
measure  of  the  strength  of  the  detonation  wave  during 
initiation  and  propagation.  The  camera  is  triggered 
from  a  pressure  transducer  located  sufficiently 
downstream  to  ensure  that  the  shock  structure  is  well 
developed.  This  is  necessary  because  the  detonation 
and  propagation  events  occur  on  the  sub-millisecond 
time  scale,  and  inherent  variability  in  DDT  timing 
prevents  a  priori  phase-locking  of  the  high-speed 
camera  and  PDE  control  system. 

Results 

Shchelkin  Spiral 

The  detonation  process  resulting  from  a  Shchelkin 
spiral  is  shown  in  false  color  in  Fig.  3  for  a  H2/air 
equivalence  ratio  of  1.0.  The  deflagration  first  becomes 
visible  as  a  hot  spot  along  a  single  spiral.  Subsequent 
hot  spots  quickly  become  visible,  and  detonation  is 
marked  by  a  large  increase  in  flame  luminosity.  These 
measurements  show  that  DDT  for  this  condition  occurs 
within  about  200  ps  after  the  first  explosion  is  detected. 
The  effects  of  the  retonation  wave  are  also  evident  in 
Fig.  3.  Hot  spots  induced  by  pressure-wave  coalescence 
propagate  upstream  and  cause  the  luminosity  to 
increase  significantly.  Since  the  flame  remains  near  the 
spirals  during  the  DDT  process,  it  is  also  likely  that 
unbumed  pockets  of  fuel  and  air  are  also  combusting  as 
the  retonation  wave  passes.  Because  the  camera 
exposure  was  selected  to  highlight  the  transition 
process,  camera  saturation  quickly  occurs  in  the 
detonation  and  retonation  regions  and  precludes  further 
quantitative  study  in  this  sequence  of  images.  It  is 
possible  to  detect  in  other  data  sets,  however,  that  the 
retonation  wave  is  reflected  back  downstream  and 
recompresses  the  combustion  products. 

It  is  also  possible  to  track  flame  propagation  along 
the  spirals  by  focusing  on  the  DDT  region  only  and 
using  the  highest  framing  rate  of  62,500  fps,  as  shown 
in  Fig.  4.  An  important  question  regarding  the 
geometry  of  the  Shchelkin  spiral  is  whether  the  flame 
propagates  across  the  spirals  as  it  would  in  a  series  of 
orifice  plates,  or  whether  it  propagates  along  the  spirals 
in  a  continuous  fashion.  This  sequence  of  images  shows 
quite  clearly  that  the  hot  spots  are  propagating  along 
the  spirals,  and  helps  to  explain  differences  with  the 
behavior  of  axisymmetric  orifice  plates  (not  presented 
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here).  If  a  single  geometric  obstacle  can  provide  an 
explosion  that  can  enhance  the  flame-shock  interaction, 
then  a  spiral  obstacle  provides  a  continuous  line  of 
explosions  surrounding  the  deflagration  as  it  propagates 
along  the  center  of  the  tube. 

The  success  of  the  Shchelkin  spiral  over  concentric 
rings  may  be  due  to  another  an  important  feature  of  the 
transition  process  as  visualized  by  Urtiew  and 
Oppenheim.4  They  observed  that  the  'explosion-in-the- 
explosion'  in  smooth  tubes  produces  a  bow-shaped 
shock  which  reflects  off  the  side  walls  and  intensifies 
the  flame-shock  interaction.  Unlike  axisymmetric 
obstacles,  the  Shchelkin  spiral  can  support  additional 
helical  modes  that  can  propagate  upstream  as  they  grow 
and  interact  with  the  side  walls.  Compelling  evidence 
for  this  mode  of  interaction  is  provided  by  frame-by- 
frame  animations  which  show  helical  fluctuations  in 
flame  luminosity  within  the  spiral  during  and  after 
DDT.  This  increases  the  probability  of  coupling 
between  the  shock  structure  and  turbulent  flame 
propagation,  thereby  increasing  the  likelihood  of  DDT. 

To  verify  proper  coupling  of  the  flame  front  and 
shock  wave,  simultaneous  high-speed  images  and 
pressure  traces  are  shown  in  Figs.  5  and  6  respectively. 
Once  the  flame  advances  ahead  of  the  Shchelkin  spiral, 
as  shown  in  Fig.  5,  it  attains  a  nearly  flat  profile.  This  is 
partial  indication  that  the  flame  is  well-coupled  to  the 
shock  front,  as  confirmed  by  the  pressure  traces  in  Fig. 
6  showing  that  the  flame  and  shock  fronts  arrive  nearly 
simultaneously  at  the  pressure  transducer  locations. 
Note  that  the  pressure  traces  follow  the  expected 
temporal  profile,  with  a  very  high  initial  von  Neumann 
spike  and  a  subsequent  Chapman-Jouguet  (C-J)  peak 
after  the  initial  shock.  The  speed  of  the  shock  is  such 
that  it  is  possible  to  miss  the  peak  of  the  pressure  rise, 
as  shown  in  the  curve  for  PT4  in  Fig.  6. 

Extended  Cavity  /  Shchelkin  Spiral 

Initial  tests  found  that  the  extended  cavity  geometry 
did  not  significantly  enhance  DDT.  Endview  images 
were  collected  at  several  conditions  for  this 
configuration,  and  show  that  local  hot  spots  are 
generated  but  produce  weak  detonations  with  speeds  up 
to  800  m/s. 

For  the  data  presented  here,  a  54-inch  spiral  was 
added  just  after  the  extended  cavity  for  the  following 
reasons:  (1)  to  determine  if  the  increased  initial  heat 
release  and  hot  spots  generated  by  the  extended  cavity 
can  reduce  the  time  required  for  DDT  and  (2)  to 
determine  the  effect  of  a  lengthened  spiral. 

As  shown  in  Fig.  7  for  unity  equivalence  ratio,  DDT 
is  achieved  shortly  after  the  exit  of  the  cavity  (just  to 
the  left  of  each  image).  Since  the  flame  is  accelerated 
due  to  the  geometry  of  the  cavity,  interaction  with  the 
spiral  leads  to  an  immediate  transition.  This  case  differs 


significantly  from  that  of  a  pure  Shchelkin  spiral 
geometry.  This  is  shown  by  the  decaying  detonation 
front,  which  begins  as  the  flame  front  loses  its  flat 
character  at  PT3.  This  decay  can  be  attributed  to  two 
main  possibilities:  (1)  once  DDT  has  taken  place,  the 
spiral  interferes  with  the  flame-shock  coupling,  or  (2) 
the  long  spiral  results  in  residual  air  remaining  in  the 
tube  and  causing  lower  than  expected  equivalence 
ratios. 

Evidence  for  the  former  is  provided  in  the  pressure 
traces  of  Fig.  8.  The  pressure  pulse  for  PT4  arrives 
several  microseconds  before  the  visible  flame  front, 
indicating  that  the  primary  flame- shock  interaction  has 
been  disrupted.  The  flame-speed  and  luminosity 
quickly  decay  in  the  aftermath  of  this  disruption, 
although  local  explosions  are  occurring  which  continue 
to  drive  the  flame  forward  as  a  weak  detonation.  These 
local  explosions  are  evident  in  the  high-speed  images 
of  Fig.  7  as  well  as  in  the  pressure  spikes  for  PT5  in 
Fig.  8. 

The  flame  speeds  from  the  Shchelkin  spiral  geometry 
of  Fig.  5  and  the  cavity/spiral  geometry  of  Fig.  7  are 
shown  for  comparison  in  Figs.  9(a)  and  (b), 
respectively.  For  the  Shchelkin  spiral  configuration  of 
Fig.  9(a),  the  C-J  velocity  of  about  2000  m/s  is 
achieved  after  about  seven  tube  diameters  downstream 
of  the  engine  block.  This  velocity  is  verified  by 
measurements  of  the  shock-wave  speeds  between 
pressure  pulses,  which  are  on  the  order  of  2000  m/s  as 
far  as  PT6  near  the  exit  of  the  tube. 

For  the  cavity/spiral  configuration  of  Fig.  9(b),  the 
flame  enters  the  viewing  area  at  nine  tube  diameters  as 
a  C-J  detonation,  but  the  flame  speed  varies 
tremendously.  Velocities  greater  than  the  C-J  velocity 
do  not  necessarily  represent  overdriven  detonations,  but 
could  also  represent  the  more  intermittent  nature  of 
flame  propagation  via  shock- induced  local  explosions. 
This  intermittency  indicates  that  the  flame  and  shock 
are  not  well  coupled,  although  strong  local  explosions 
drive  the  flame  periodically  to  C-J  velocities  up  to 
about  22  tube  diameters  downstream.  Pressure  traces 
indicate  that  the  shock-wave  is  already  below  C-J 
conditions  between  PT3  and  PT4,  with  a  measured 
transit  time  corresponding  to  1800  m/s.  It  drops  further 
to  about  900  m/s  between  PT4  and  PT5. 

Co- Annulus 

The  co-annulus  shown  previously  in  Fig.  2  was 
implemented  due  to  promising  results  from  numerical 
simulations.  The  idea  is  to  initiate  a  detonation  in  the 
smaller  tube  first,  which  can  then  drive  a  detonation  in 
the  larger  tube. 

The  results  of  a  5 -inch  long  inner  tube  and  a  12-inch 
long  inner  tube  are  shown  in  Figs.  10(a)  and  (b).  The 
experimental  data  did  not  show  a  strong  enhancement 
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of  the  DDT  process.  For  the  5 -inch  tube,  a  hot  spot 
develops  outside  the  tube  near  its  downstream  tip.  The 
flame  from  the  central  tube  finally  exits  as  a  strong 
flame  front,  but  it  enters  a  burned-gas  medium.  For  the 
12-inch  tube  of  Fig.  10(b),  a  hot  spot  occurs  at  the 
downstream  tip  of  the  inner  tube,  but  in  this  case  is  also 
joined  by  the  flame  exiting  the  inner  tube.  Combustion 
pressures  of  nearly  one-third  that  expected  for  a  C-J 
detonation  indicate  that  the  flame  is  accelerated  but 
does  not  achieve  DDT.  The  measured  flame  velocity 
reaches  about  520  m/s,  which  is  well  below  the  velocity 
of  about  2000  m/s  expected  for  stoichiometric  mixtures 
of  H2/air. 

Subsequent  analysis  of  the  numerical  results  indicates 
that  the  flame  from  the  inner  tube  can  be  strongly 
dissipated  unless  its  diameter  is  greater  than  one-half 
the  diameter  of  the  main  tube.  Subsequent  experiments 
to  verify  this  prediction  are  the  subject  of  ongoing 
study. 

Effects  of  Equivalence  Ratio  and  Spark  Timing 

In  addition  to  the  effects  of  geometry  on  DDT,  it  is 
also  of  interest  to  study  the  effect  of  various  operating 
conditions.  For  the  Shchelkin  spiral  geometry,  varying 
the  equivalence  ratio  between  0.9  and  1.3  had  an 
impact  on  the  location  of  DDT,  as  expected,  but  did  not 
affect  the  nature  of  the  transition.  The  shortest  distance 
required  for  DDT  occurs  at  stoichiometric  conditions 
and  extends  further  downstream  as  the  equivalence 
ratio  becomes  progressively  lean  or  rich.  For  an 
equivalence  ratio  of  1.3,  for  example,  DDT  takes  place 
three  tube  diameters  further  downstream  near  the  end 
of  the  19-inch  Shchelkin  spiral. 

For  the  extended  cavity/spiral  configuration,  varying 
the  equivalence  ratio  between  0.75  and  1.0  had  a 
similar  effect.  For  stoichiometric  conditions,  the 
transition  occurs  almost  immediately  in  the  field-of- 
view,  as  shown  in  Fig.  7.  At  an  equivalence  ratio  of 
0.75,  the  transition  occurs  about  two  tube  diameters 
further  downstream.  Despite  these  differences  in 
location  of  DDT,  the  detonation  speeds  remain  within 
about  2%  of  the  theoretical  C-J  velocities  once  the  self- 
sustained  condition  is  achieved. 

The  primary  effect  of  spark  timing  is  to  change  the 
Ff/air  mixture  further  downstream  in  the  PDE  tube. 
Large  differences  in  the  location  of  DDT  are  not 
detected  in  the  current  experiments,  and  it  is  found  that 
the  C-J  velocities  for  early  and  late  spark  timings  agree 
to  within  about  5%.  The  detonation  wave  for  late  spark 
timing,  however,  has  difficulty  propagating  to  the  end 
the  tube.  This  is  attributed  primarily  to  mixing  with 
ambient  air  near  the  end  of  the  tube  caused  by  pulsing 
of  the  fresh  Ff/air  mixture.  Thus,  wave  speeds  near  the 
end  of  the  PDE  tube  drop  to  the  level  of  weak 
detonations  as  the  spark  timing  is  progressively 


increased.  These  data  highlight  the  importance  of 
measuring  fuel  mixture  fraction  near  the  end  of  the 
PDE  tube  as  a  function  of  time  during  PDE  operation. 

Conclusions 

An  experimental  study  of  three  DDT  enhancement 
techniques  and  different  operating  conditions  has  been 
performed  using  simultaneous  high-speed  digital 
imaging  and  pressure-transducer  data.  It  is  found  that 
local  explosions  in  the  Shchelkin  spiral  geometry 
propagate  along  the  spirals  and  behave  in  a 
fundamentally  different  manner  when  compared  with 
local  explosions  produced  by  axisymmetric  obstacles. 
In  addition,  it  is  shown  that  the  continuous  spiral 
geometry  leads  to  transverse  and  helical  modes  that 
may  enhance  coupling  between  the  flame  and  shock 
fronts.  It  is  found  that  adding  an  extended  cavity  before 
the  Shchelkin  spiral  leads  to  strong  early  detonations 
that  then  decay  more  quickly  as  compared  with  a 
simple  Shchelkin  spiral  geometry.  The  co-annular 
geometry  with  inner  tube  diameters  of  less  than  half  the 
main  tube  diameter  did  not  lead  to  strong  detonations 
and  is  under  further  investigation.  Finally,  equivalence 
ratio  was  found  to  change  the  location  but  not  the 
nature  of  the  transition,  and  spark  timing  was  found  to 
impact  the  progression  of  the  detonation  wave  near  the 
exit  of  the  PDE  tube.  These  studies  provide  a 
phenomenological  description  of  the  effects  of 
geometry  and  various  operating  parameters  on  the 
flame-shock  interaction  during  and  after  the  DDT 
process. 
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Fig.  1.  Quad-4-based  PDE  during  assembly  (left)  and  as  installed.  Only  one  of  the  tubes  is  studied  for  the 
current  investigation  and  is  replaced  with  polycarbonate  or  quartz  for  optical  access. 
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Fig.  2.  Schematic  of  DDT  enhancement  techniques  discussed  in  the  current  study.  Sketches  are  not  to  scale. 
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Fig.  3.  High-speed  images  of  DDT  at  18,000  fps  for  a  Shchelkin  spiral  at  <|>=1.  Images  are 

spaced  55.5  jus  apart. 


Fig.  4.  Sequence  of  high-speed  digital  images  at  the  highest  framing  rate  of  62,500  fps  for  a  Shchelkin 
spiral  geometry.  The  flame  front  is  clearly  shown  to  take  place  along  the  spirals. 
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PT2 


PT3 


PT4 


Fig.  5.  Image  sequence  showing  DDT  initiated  by  a  Shchelkin  spiral  with  pitch  of  1  tube  diameter  and  length 
of  9.5  tube  diameters.  Images  are  spaced  50  jus  apart  in  time  and  begin  5  jus  after  PT2  is  triggered. 
Equivalence  ratio  is  1.0.  Pressure  transducer  locations  are  labeled  as  PT2  to  PT4. 


Fig.  6.  Pressure  traces  for  the  Shchelkin  spiral  geometry  of  Fig.  5. 
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PT2  PT3  PT4  PT5 


Fig.  7.  Sequence  of  high-speed  digital  images  for  an  extended  cavity/spiral  geometry. 


Fig.  8.  Pressure  traces  for  the  extended  cavity/spiral  geometry  of  Fig.  7. 
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(a) 


(b) 


Fig.  9.  Flame  speeds  for  the  (a)  Shchelkin  spiral  geometry  of  Fig.  5  and  (b)  the  extended  cavity/spiral 

geometry  of  Fig.  7. 
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(a) 


(b) 


Fig.  10.  Image  sequence  showing  co-annular  tube  DDT  enhancement  geometry  with  tube  length  of  (a)  2.5 
tube  diameters  and  (b)  6  tube  diameters.  Equivalence  ratio  is  1.0.  Maximum  velocity  of  520  m/s  achieved  for 
(b).  Outlines  of  main  and  inner  PDE  tubes  shown  in  white. 
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